Microwave induced resonant backscattering in a 
one-dimensional mesoscopic channel 

S. Blom and L.Y. Gorelik 

Department of Applied Physics, Chalmers University of Technology 
and Goteborg University, SE-412 96 Goteborg, Sweden 

November 22, 2000 



Abstract 

We have studied a one-dimensional channel with a wider, straight re- 
gion irradiated by an external electromagnetic field. In this system the 
interplay between interference effects and resonance phenomena manifests 
itself and provides a new behavior of conduction. We show that the trans- 
port properties of the system can be affected by changing frequency and 
the amplitude of the external field. We also show that for certain com- 
binations of these parameters electron transport through the system is 
complitely blocked. 

1 Introduction 

Mesoscopic Physics, or mesoscopics, deals with systems that are large compared 
to the microscopic (atomic) scale but small compared to the macroscopic scale 
where normal Boltzmann transport theory is applicable for transport studies. 
Within the field of mesoscopics one major feature of interest is quantum inter- 
ference phenomena, such as the Aharonov-Bohm effect jl| and the phenomena 
of universal conductance fluctuations ||. Different quantum mechanical waves 
(or different parts of a split wave) can (re)combine and interfere. Interference 
effects become important when the size of the system is small compared to the 
phase breaking length. 

Another feature in systems of small size on the scale of the electron Fermi 
wavelength is that the motion of the electrons will be quantized into energy 
levels. This is the case in a narrow channel electrostatically formed by a split- 
gate on top of a heterostructure as well as in a nanowire. The quantization of 
the transverse motion of the electrons into one-dimensional modes is the cause 
of the quantized conductance seen in quantum point contacts (QPC's) || ^| and 
nanowires M. 

In a system with strong space quantization resonant interaction with an 
external electromagnetic field causes coupling between electron-modes. In this 
way transport properties may be strongly affected || |7], |8|. ^. |u| . 
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Figure 1: We consider a channel constructed in a Si inversion layer 2DEG with 
a hard wall confining potential. There is a wider region with two open modes 
connected to more narrow channels, with only one mode, by an adiabatic QPC. 
In each mode electrons can travel in both directions. The upper mode is reflected 
in the QPC, "trapped" inside the wider region. The probability amplitudes 
corresponding to electrons in the upper mode are denoted c, c, 7 and 7. In 
the narrow ends of the channel there is only one open mode, the corresponding 
probability amplitudes are a, b, a and /? as shown in the figure. In the wider 
region we assume an external electromagnetic field that couples the two modes. 



In this paper we have studied a system where the interplay between inter- 
ference effects and non-linear resonance phenomena manifests itself. We show 
that this interplay provides a new behavior of conduction. 



2 Model 

The system under study is a one-dimensional channel in a two-dimensional 
electron gas (a 2DEG) with a wider, straight, region irradiated by an external 
magnetic field, schematically depicted in figure [l]. Such a channel can be con- 
structed e.g. in a 2DEG in a Si inversion layer using a split gate technique. We 
will consider the case when the system has geometry and field parameters such 
that only one mode in the narrow parts, connected to the leads, and two modes 
in the wider region, —L/2 < x < L/2, are involved in the electron transport. 
The upper mode is reflected in the QPC's connecting the wider part to the 
more narrow parts of the channel. The probability amplitudes corresponding to 
electrons in different modes and traveling in different directions are denoted as 
shown in figure [l]. 

In the wider region there is an external electromagnetic field applied with 
amplitude e w and frequency to polarized in the y-direction. Such a field is 
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described by the vectorpotential 



A(x,t) = —Eui cos(ujt)e y 



(1) 



The electromagnetic field vanishes in an unspecified way outside the wider re- 
gion. The appropriate Schrodinger equation for an electron in the field region, 
-L/2 < x < L/2, is 



2m 



' [p + eA(x,t)} 2 + U(x,y) 



(2) 



3 Electron dynamics 

We consider a channel with a width, d(x) , which varies smoothly on the scale of 
the Fermi wavelength, hence the adiabatic approximation can be used, i.e. the 
transverse and longitudinal motion can be considered separately in the absence 
of the external field. The wavefuntion in the field region is S 



*(x,y,t) = Y,V 5 n (x,t)$ n [y,d(x)} 



(3) 

(4) 
(5) 
(6) 

m* dx ^ ^ 

where the superscript 8 indicates the two different directions the electron can 
travel in in each mode, left to right (S = +1) or right to left (5 — —1). Specifi- 
cally we consider a hard wall confining potential. Then each mode is described 

by 



S = [Si,e(x) + S 2 ,E+huj{x)]/2Ti 
S n A*)= I dx' y/2m*[E - E n {x')} 

J o 
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(8) 



(9) 



2m* d 2 {x) 

We will consider only two modes, n = 1, 2. Then the mode population ampli 
tudes tfi(x) satisfy 



d 

i ~dx^ ^ ~ Pe{x)(Jz~^ (x) + A^er^ (x) = 



(10) 



where we have neglected second order derivatives of tpi (x) and where a v and a 
are Pauli matrices and 



(11) 
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V, 

A w = — (12) 

h\/ vi, E {x)v 2 ,E+hLo{x) 

3 m*ujd{x) 
S' 1E (x) - S' 2 E+hu (x) 
PE = 2h (W) 

The conditions for it to be reasonable to consider only two modes is that the 
width d(x) and the frequency of the applied external field (see below) is such 
that for d(x) = D (width of the wider region) 

E 2 (D)<huj + E F (15) 

and such that for d(x) = do (width of the narrow region) 

Si (do) < E F < E 2 {d )) - huj (16) 

Since the channel has no x-dependence (d(x) = D ^constant) in the irradi- 
ated region Pe{x) = Ve, independent of x, and we find the solutions 



, , T iV} T sin A \ e±i5K[E)x 

V vl ±sinA J 

which are linearly independent and where 

K{E) = yJvl + A* (18) 
Vf 

sin \ = —-^ (19) 

We take the total energy of the entering electron to be equal to the Fermi energy 
E = Ep. 



4 Transport properties 

The conductance in a ballistic system is given by the transmission through the 
well-known Landauer formula. So, in order to describe the transport properties 
of our system we need to find the transmission and reflection, i.e. the elements 
of the scattering matrix which connect the probability amplitudes in the two 
narrow ends, given by 

We can calculate these elements by noting that our system is similar to a general 
two barrier system. Transmission in our system corresponds to reflection in the 
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Figure 2: A schematic view of our system. The upper black box corresponds 
to the coupling between the lower and upper modes inside the field region for 
electrons moving from left to right. The lower black box is for the coupling be- 
tween electrons going in the opposite direction. The phaseshift that the electron 
suffers when reflected in the QPC is indicated by a gray circle. 



two barrier problem, and vice versa. The similarity between our system and a 
general two barrier problem become transparent if we schematically describe our 
system as in figure |2[ The electromagnetic field only couples electrons moving 
in the same direction, hence we describe this coupling by two different boxes: 
one for electrons moving from left to right and one for electrons going in the 
other direction. If an electron comes out of a box in an upper mode (c or 7) it 
will be reflected in the QPC and enter the other box. When reflected the phase 
of the electron will be shifted by ir/2 [jll), in the figure this is indicated by a 
gray circle. 

The scattering matrices describing the two different boxes can easily be found 
using equation [l0| The matrix for motion from left to right is 

_t )( ce -t,) <-) 

and for motion from right to left 

( c ) = ( T ::;)( Te D « 

The behavior in the field-region is described by the solution above (eq. [l?]) which 
gives us the matrix elements 

S12 = I cosA| sm(KL) (23) 
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su = cos(KL) + i sin(KL) sin A (24) 
The phase shift due to traveling through the irradiated region, e tKh is given by 

K = ^ (v/2m»(S - Si) + y/2m*(E + Huj - £ 2 )) (25) 

We see that sn, si 2 and n and hence the transport properties of the system 
depend on the amplitude and frequency of the external held as well as on the 
length of the irradiated region. 



4.1 Reflection and transmission 

Instead of solving the system of equations (eq. |l] and ^2|) we can use the result 
from the two barrier problem to simply write down the elements of the scattering 
matrix for our system: 



JkL„ , e S ll( S 12j 

ie 2lKL ( Sl ^ 2 



+ 1 , ^ ( ::\, (26) 



f 1 + e 2«L( a . i )2 V ) 

We see that the total transmission, T = tt* , is perfect (equal to unity) 
whenever pp* = 0, i.e when, according to eq. s\ 2 — 0, and since cosX ^ 0, 
we find the following condition for perfect transmission, see eq. E3, 



KL = L^JV% + Al = mir (28) 

where m is an integer. Each integer will give a line of perfect transmission when 
varying the amplitude e w and the frequency w of the electromagnetic field. 

Perfect reflection (zero transmission) will occur when \p\ = 1. Due to the 
unitarity condition for scattering matrices | S12 1 2 = 1 — |sn| 2 so that we can 
rewrite p as 

_ ^(l-| Sll | 2 ) 

p i + e w(«£-x)| ail |2 

where \ is the argument of su, 

sin(2£X) sin A 
X = arctan — — — 30 

COS(Ai) 

The condition for perfect reflection is that e 2l< - /tL_x - 1 = — 1, i.e. that 

2(kL-x) = (2m + l)n (31) 

where m is an integer. This condition will be fulfilled for certain choices of 
parameters (amplitude and frequency) giving lines of perfect reflection in the 
transmission landscape. 
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Figure 3: Total transmission as a function of the amplitude, e u , and the fre- 
quency, w,(in units of AE/Ti where AE — E^ — E\) of the external electromag- 
netic field. The length of the channel is in this case L = 16.375/k ~ 302 nm. 
The dashed lines correspond to lines where the transmission is unity, given by 
eq. E8l For clarity only two of these lines are shown. 



5 Results and Discussion 

In the numerical calculations we have used parameters corresponding to a Si 
inversion layer: Fermi energy Ef = 2 meV and effective mass m* = 0.19m e ; 
and D — 60 nm. 

The total transmission of the considered system as a function of the ampli- 
tude and the frequency (in units of AE/fr where AE = Ei — E\) of the external 
electromagnetic field is shown in figures || and ||. The dashed lines correspond 
to lines where the transmission is perfect (unity), given by eq. ^8|. For clarity 
only two of these lines are shown. 

There are two different mechanisms that can give perfect reflection: Rabi 
oscillations and interference effects. The first is when all electrons entering in the 
lower mode are in the upper mode at the other end of the channel and hence are 
reflected. Once they reach the first end again they will be back in the lower mode 
and can exit the field region, hence in this case the transmission equals zero. 
Looking at the scattering matrix element sn (eq. we see that this "Rabi 
reflection" can only happen when sinX = (i.e. in resonance, ui = AE/K) and 
the amplitude is such that the length of the field region corresponds perfectly 
to ( m+ ^-/ 2 } Rabi wavelengths, where m is an integer. 

The condition for perfect reflection due to interference effects, eq. [n], can be 
fulfilled also out of resonance. When this conditions is fulfilled it means that 
summing up the probability amplitudes of an electron going through the system 
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Figure 4: Total transmission as a function of the amplitude, e w , and the fre- 
quency, u>, (in units of AE/Ti where AE = Ei — E\) of the external electro- 
magnetic field. The length of the channel is in this case L — 17^/k w 314 
nm. For this length the condition for perfect reflection is fulfilled for all am- 
plitudes at resonance (hw = AE). The dashed lines correspond to lines where 
the transmission is unity, given by eq. |28|. For clarity only two of these lines are 
shown. 
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after having bounced back and forth multiple times gives zero. 

At resonance the condition for perfect reflection due to interference becomes 



/t£ = (2m+l)- (32) 

(see eq. |30| and ^l|) . In figure || the length of the channel corresponds to kL — 
301 -| at resonance. This means that the condition for perfect reflection due to 
interference is fulfilled at Tilu = AE for any amplitude e u . 

Perfect transmission in this system is a Rabi phenomena. It happens when- 
ever (in resonance as well as out of resonance) all the electrons entering on one 
side of the channel in the lower mode are all in the lower mode at the other end 
of the channel, from which they then simply can exit. This will be the case when 
the amplitude of the electromagnetic field is such that the length of the field 
region corresponds perfectly to an integer number of half Rabi wavelengths. 

At resonance conduction is a periodic function of e u with period 

e w 37rmWt>i 
n * = A «T = ALe (33) 

where Xr is the Rabi wavelength. For the parameters in figure ^ this equals 66 
V/mm. 

The transmission as a function of frequency (keeping constant) is shown 
in figure | and as a function of amplitude for constant to in figure o. The length 
of the channel in these graphs are the same as in figure ||. 

When the amplitude of the external field becomes smaller the system is very 
sensitive and the transmission dips of perfect reflection become very narrow, the 
white lines in figures §jj become thinner. In fact they become hard to resolve. 

One limitation for observating the discussed phenomena in an experiment 
is that the temperature will smear out the sharp conductance dips associated 
with the resonant backscattering process, due to the strong energy dependence 
of the phase 2kL. In order to have a sharp dip, 2kL must vary significantly less 
than 2ir within the temperature range. This gives us the following condition on 
the temperature 

T < ~ 0.5X (34) 

Being a phase coherent phenomena by nature resonant backscattering ef- 
fects can also be destroyed by inelastic relaxation of the photoexcited electrons. 
(Elastic intermode scattering would also destroy the coherence, but this effect is 
weak for the narrow channel we consider p2[.) This process may be described 
by introducing an imaginary part of the phase 2kL, Im{2nL} = L/li n , where 
l; m is the inelastic mean free path. The typical excess energy AE corresponds 
roughly to the energy spacing between the two transverse levels, which for our 
system is 19 K. We can use the experimental results by Stoger et al. [jl3| to 
roughly estimate the inelastic electron mean free path to be of the order of 1 
/jm for AE ~ 20 K. This is sufficiently long to make the effects discussed in this 
work observable. 
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Figure 5: Total transmission as a function of frequency for fixed field amplitude. 
In the upper picture e w = 45 V/mm and in the lower e w = 85 V/mm. Some of 
the dips are so narrow that they are hard to resolve. 
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Figure 6: Total transmission as a function of amplitude, e w , for fixed frequency. 
In the upper picture tuv/AE = 0.7 and in the lower picture Hlo/AE = 1. In 
the lower picture we see that the transmission oscillates with half the Rabi 
wavelength as discussed in the text. 
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In the crossing between perfect transmission and perfect reflection, the trans- 
mission is expected to be close to one since the perfect reflection is a resonent 
effect which in a realistic setup is supressed because of the reasons mentioned 
above. 

6 Conclusions 

We have shown that the transport properties of a one-dimensional channel with 
an irradiated widened region can be affected by changing the amplitude or fre- 
quency of the external electromagnetic field. This is due to a combination of 
resonance and interference effects. We have shown that for certain combina- 
tions of the external paramters u> (field frequency) and e w (field amplitude) the 
system has perfect reflection and perfect transmission respectively. 
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